Abstract. The activation of hepatic stellate cells (HSCs) is closely associated with liver fibrosis in chronic hepatitis B virus (HBV) infection. However, the molecular mechanisms leading to HSC activation remain unclear. It has been reported that the platelet-derived growth factor-B (PDGF-B)/PDGF receptor-β (PDGFR-β) signaling pathway is involved in this process. Thus, we investigated whether HBV and its protein contribute to HSC proliferation by the PDGF-B/PDGFR-β signaling pathway. HBV particles were purified from the supernatant of HepG2.2.15 cells by ultracentrifugation and the cell lines carrying HBV preS, e, c or x genes were obtained. After incubation with HBV particles or co-cultured with the cell lines expressed in the viral protein, the proliferation of LX-2 cells, an HSC cell line, were detected by flow cytometry and real-time PCR and the expression of molecules related to the PDGF-B/PDGFR-β signaling pathway were further measured. Our results indicated that HBV particles, c and x proteins promoted LX-2 proliferation and increased the mRNA levels of PDGF-B, PDGFR-β, collagen-I and α-smooth muscle actin (α-SMA), as well as the phosphorylation of PDGFR-β; however, the expression protein levels of PDGF-B and PDGFR-β remained unchanged. In conclusion, HBV particles and HBV c and x proteins promote HSC proliferation and fibrogenesis in vitro and the PDGF-B/PDGFR-β signaling pathway is important in this process.
Introduction
Liver fibrosis, resulting from chronic damage to the liver, is the progressive accumulation of fibrillar extracellular matrix (ECM) in the liver which eventually leads to cirrhosis and liver failure. Generally, the main causes of liver fibrosis include alcohol abuse, nonalcoholic steatohepatitis (NASH) and especially, the chronic hepatitis virus infection, such as hepatitis B virus (HBV) and C (HCV) (1) . The progression of fibrosis is a dynamic process where a potential population of fibrogenic cells in the liver, such as portal fibroblasts, mesenchymal cells derived from the bone marrow, hepatocytes and biliary epithelial cells are involved. Hepatic stellate cells (HSCs), the most important contributor cell type, are the main ECM-producing cells in liver fibrosis following activation into fibrogenic myofibroblast-like cells. Activated HSCs express many ECM proteins, including collagen, α-smooth muscle actin (α-SMA), transforming growth factor-β (TGF-β), matrix metalloproteinase (MMP) and tissue inhibitors of metalloproteinases (TIMP), which all contribute to liver fibrosis.
The activation of HSCs is regulated by several cytokines and growth factors. The platelet-derived growth factor-B (PDGF-BB) is the most prominent factor in HSCs proliferation and liver fibrosis development (2) . Generally, PDGF-BB exerts its effects by binding to its receptor (PDGFR-β), inducing receptor dimerization and tyrosine-autophosphorylation. The activated phosphorylated receptor recruits the signal transduction molecules, initiating various intracellular signaling pathways (3) (4) (5) . Recently, the expression of PDGF-BB and its receptor (PDGFR-β) has been shown to be increased in both experimental fibrosis in rats and human fibrotic liver (6, 7) , with a weak expression presented in the normal liver. Moreover, HSCs may perpetuate their proliferative status by active secretion of PDGF in a paracrine or autocrine manner (8) . Mechanisms regulating the PDGF-B/PDGFR-β signal transduction have recently begun to be elucidated (9, 10 ).
According to current clinical studies, chronic HBV infection is strongly associated with the development of fibrosis, cirrhosis and hepatocellular carcinoma (HCC), which may be caused by the interaction between HBV or the viral proteins and HSCs, directly, or indirectly. There is increasing evidence that the intrahepatic accumulation of the HBV encoded x antigen (HBxAg) correlates with the severity of chronic liver QIXUAN BAI   1   , JING AN  2 , XIAONING WU  1 , HONG YOU  1 , HONG MA  1 ,   TIANHUI LIU  1 , NA GAO  2 and JIDONG JIA disease (CLD), as well as with the development of fibrosis and cirrhosis (11, 12) . Certain studies also reported that the x protein expression in hepatocytes leads to paracrine activation and proliferation of HSCs (13) . However, the possible role of the x protein and other viral proteins in the development of liver fibrosis, remains unknown. Thus, the role of HBV proteins in the process of liver fibrosis needs to be explored intensively. Moreover, according to several clinical data, the expression of PDGF-BB in liver tissues or serum level in chronic HBV patients reflects the degree of liver damage and the degree of hepatic fibrosis (14) (15) (16) . There may be some type of correlation between the HBV viral proteins and the PDGF-B/PDGFR-β signaling pathway, which may lead to the activation of HSCs. Therefore, the aim of the present study was to observe the effect of HBV and its antigen components on the proliferation of HSCs and the expression of PDGF-BB and PDGFR-β, in order to clarify whether HBV or virus gene products are able to promote HSCs proliferation through PDGF-B/PDGFR-β signaling pathway and further broaden our understanding of hepatic fibrogenesis.
HBV promotes the proliferation of hepatic stellate cells via the PDGF-B/PDGFR-β signaling pathway in vitro

Materials and methods
Purification of HBV Dane particles by sucrose density gradient ultracentrifugation. Aliquots (6 ml) of 10, 20, 30, 40, 50, 60% (w/w) sucrose in a solution containing 120 mM NaCl, 12 mM Tris·HCl, 1 mM EDTA·Na 2 (pH 8.0) were carefully layered in a 40-ml ultracentrifuged tube and left at room temperature for 6 h. Concentrated supernatant of HepG2.2.15, 4 ml, was layered on the sucrose gradient mentioned above, and ultracentrifugation was performed at 120,000 x g for 24 h at 4˚C with the Beckman SW32Ti Rotor. Finally, the density of 43.5 to 44.5% sucrose fraction was collected, and a number of HBV Dane particles collected at this density were confirmed by electron micrographs (17). The concentrated HBV was then resuspended in fetal bovine serum (FBS) and stored at -80˚C until use. The copies of HBV were determined by real-time PCR.
Plasmid construction. The fragments of HBV preS, e, c and x, obtained by PCR from the pHBV1.2 (complete genome of HBV isolate 57-1 subtype adw, a kind gift by Professor Lai Wei, Peking University, and the GenBank accession number AY518556.1) (18) respectively, were subcloned into the efficient vector, pCAGGSP7, containing the β-actin promoter (19) . The positive clones were named pHBV-S, pHBV-E, pHBV-C and pHBV-X, respectively. DNA sequencing was used to verify the plasmids, and the expression of these plasmids was further confirmed by indirect immunofluorescence in Vero cells.
Cell culture and transfection. The human hepatocellular carcinoma cell line HepG2 and the human HSC line LX-2 were grown in Dulbecco's modified Eagle's medium (DMEM, with 2 mM glutamine, 10% (FBS), 100 U/l penicillin and 100 µg/ml streptomycin) at 37˚C in a 5% CO 2 incubator. HepG2.2.15, an HBV (serotype ayw, genotype D) stably transfected cell line, was also maintained in 10% FBS DMEM supplemented with 200 µg/ml G418 (Sigma).
To express the 4 kinds of HBV proteins, HepG2 cells were transfected with the plasmid of pHBV-S, pHBV-E, pHBV-C, pHBV-X and pCAGGSP7 (as the control), respectively, using FuGENE HD transfection reagent (Roche), following the manufacturer's instructions. The cells were cultured with DMEM containing 10% FBS and 600 µg/ml of G418 (Sigma). After selection, single cell clones stably transfected with the plasmids mentioned above were obtained, and named HepG-s, HepG-e, HepG-c, HepG-x and HepG-control, respectively. The expression of viral protein was evaluated by western blotting.
In vitro co-culture system. To elucidate the relationship between HBV proteins and liver fibrosis, an in vitro co-culture system of HepG-s, HepG-e, HepG-c, HepG-x, HepG2.2.15 and HepG-control cells with LX-2 cells was established according to a previous method with certain modifications (20) . In the cell-to-cell non-contacted co-culture system, the cell line, which stably expressed the viral protein, was separated from LX-2 cells using a 0.4 µm transwell membrane (Corning). Briefly, the same number of HepG-s, HepG-e, HepG-c, HepG-x, HepG2.2.15 and HepG-control cells (as a negative control) were plated into the upper chamber of a transwell insert. The same numbers of LX-2 cells were plated on the lower chamber. After 24 h co-culture in DMEM supplemented with 10% FBS, the confluence was achieved. The LX-2 cells were washed with phosphate-buffered saline (PBS) and co-cultured for another 24 h in serum-free DMEM. Finally, the LX-2 cells and supernatants were collected for the following experiments.
Detection of LX-2 cells proliferation by flow cytometry.
In order to detect the LX-2 cell proliferation, 2 measures were employed: i) LX-2 cells were co-cultured with the stable transfected cell line, respectively, for 48 h as described above. ii) LX-2 cells were cultured in complete medium for 24 h, serumstarved for 16 h and were then added the series of diluted concentrations of HBV (final concentration of HBV of each well was 5x10 6 , 5x10 5 , 5x10 4 , 5x10 3 , 5x10 2 and 0 copies/ml). After incubation of 12 h, the cell cycle was detected with an FITC BrdU Flow kit (BD Pharmingen) according to the manufacturer's instructions. Briefly, the pretreated LX-2 cells were labeled with BrdU for 45 min, washed, and fixed and permeabilized with BD Cytofix/Cytoperm buffer. After repeated incubation on ice, washed and centrifugated cells were treated with DNase to expose BrdU epitope for 1 h at 37˚C, The cells were washed and stained with fluorescent anti-BrdU for 20 min at room temperature, washed again and centrifugated. Staining buffer containing 7-Aminoactinomycin D (7-AAD) (1 ml; BD Pharmingen) was added to each tube to resuspend the cells. Finally, the cells were analyzed by flow cytometry (Becton-Dickinson, San Jose, CA, USA). Acquired multiparameter data were analyzed using CellQuest software. With the combination of BrdU and 7-AAD, 2-color flow cytometric analysis permits the enumeration and characterization of cells that are actively synthesizing DNA (BrdU Incorporation) in terms of their cell cycle position (i.e., G0/1, S or G2/M phases defined by 7-AAD staining intensities). As shown by the region gates applied to the 7-AAD vs. BrdU dot plot, flow cytometric analysis of cells stained with the reagents allowed the discrimination of cell subsets that were in the G0/G1 phase (R3), S-phase (R4), G2+M phase (R5) (21) .
Detection of the mRNA of PDGF-B, PDGFR-β, α-SMA, collagen-I by real-time PCR.
Total RNA was extracted with TRIzol (Invitrogen) and was reverse-transcribed by random hexamer primer. Then quantitative real-time PCR analysis was performed using the GeneAmp 7500 system and SYBR ® Green (Applied Biosciences). All expression data were normalized to GAPDH. Each reaction contained: 10 µl of SYBR-Green, 1 µl sense and antisense specific primer respectively and 1 µl of cDNA matrix, in a final volume of 20 µl. All reactions were repeated 3 times. PCR products were obtained after 10 min at 95˚C, followed by 45 cycles of 10 sec at 95˚C, 5 sec at 60˚C and 10 sec at 72˚C. The primers used for amplification are shown in Table I . The relative quantity of the products was expressed as a fold-induction of the target gene compared with the control primers according to the formula 2 -∆∆CT (22) .
Detection of PDGF-BB by ELISA.
To quantify the expression levels of PDGF-BB in the co-culture supernatant, ELISA Systems (R&D Systems) was performed according to the manufacturer's instructions. Ninety-six-well polystyrene microplates were pre-coated with recombinant human PDGFRβ/Fc chimera and 100 µl standard, control and culture supernatant was added to each well. Cells were incubated for 2 h, aspirated and washed 4 times. Then, 200 µl of conjugate was added to the cells, incubated for 2 h and washed 4 times. A 200 µl substrate solution was added to each well and the cells were incubated for 30 min. Finally, a stop solution was added to each well and the absorbance at 450 nm was determined on an ELISA reader. We repeated the experiment 3 times.
Western blotting. To detect the expression of PDGFR-β, and phos-PDGFR-β, LX-2 cells were lysed in RIPA lysis buffer (50 mmol/l Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mmol/l NaCl, 0.1% SDS, 1 mmol/l EDTA, 1 mmol/l PMSF, 1 mmol/l Na 3 VO 4 , and 1 mmol/l NaF). Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA USA). After boiling for 5 min, the lysate were separated on 10% SDS-PAGE polyacrylamide gel. Proteins were transferred to nitrocellulose membranes which were blocked in Tris-buffered saline with Tween-20 (TTBS) containing 5% non-fat dried milk. The membranes were incubated with primary antibody against PDGFR-β, or phospho-PDGFR-β and β-actin at 4˚C overnight. After rinsing three times in TTBS, the membranes were incubated with secondary antibody conjugated with horseradish peroxidase (HRP) at room temperature for 1 h and then developed using a chemiluminescence detection kit (Amersham Biosciences), according to the manufacturer's instructions and exposed to X-ray film. The relative expression of these proteins was determined by densitometric scanning and calculating the ratios of each protein to β-actin bands, which were expressed constitutively.
Statistical analysis. Statistical analysis of the results was performed by one-way ANOVA, the Newman-Keuls test, the Mann-Whitney test, and the unpaired Student's t-test when appropriate. Differences were considered to be significant at P<0.05.
Results
Proliferation of LX-2 cells after incubation with HBV or viral proteins.
The cell cycle was analyzed by using BrdU and 7-AAD to measure the proliferation of LX-2 cells stimulated by HBV or viral proteins. After incubation with HBV, the cell number in S-phase of LX-2 cells increased with different concentrations of HBV ( Fig. 1 and Table IIA ). The proliferation rate of LX-2, stimulated with 5x10 4 , 5x10 5 and 5x10 6 copies/ml HBV, was 30.42±1.58%, 34.12±2.35% and 35.11±2.05%, respectively. HBV had a significant effect on the cell proliferation as compared with that of 0 copies/ml of HBV (25.50±2.98%, P<0.05), indicating that HBV particles promote LX-2 proliferation in a dose-dependent pattern α-SMA, α-sooth muscle actin; GAPDH, glyceraldehyde phosphate dehydrogenase; PDGFR-β, platelet-derived growth factor receptor-β.F, forward; R, reverse.
( Table IIA ). In the co-culture system, the proliferation of LX-2 cells in S-phase significantly increased up to 36.44±2.45% and 35.34±2.85% after incubation with HepG-x or HepG-c cells, which express x or c protein of HBV, compared with HepGcontrol cell (P<0.05). However, HepG-e and HepG-s had no obvious effect on the LX-2 proliferation. The results indicated that the HBV x and c proteins promote LX-2 proliferation ( Fig. 2 and Table IIB) .
HBV or HBV-x or HBV-c protein upregulated mRNA levels of Collagen-I, α-SMA PDGF-B and PDGFR-β in LX-2 cells.
After incubation with different concentrations of HBV for 12 h, total mRNA from LX-2 cells was extracted with TRIzol. mRNA levels of collagen-I, α-SMA, PDGF-B and PDGFR-β were detected by real-time PCR, respectively. The increased mRNA levels of collagen-I and α-SMA were observed in 5x10 5 and 5x10 6 copies/ml HBV concentration groups (Fig. 3) . Both collagen-I and α-SMA showed an increase approximately 2 times greater than that in the control group (P<0.05). The mRNA levels of PDGF-B and PDGFR-β in LX-2 cells were also upregulated significantly in the 5x10 5 and 5x10 6 copies/ml groups, compared with the control group (P<0.05). However, there were no apparent changes in mRNA levels of the parameters mentioned above in HBV concentration of 5x10 2 -5x10 4 copies/ml (Fig. 3) . Meanwhile, mRNA levels of collagen-I, α-SMA, PDGF-B and PDGFR-β in LX-2 cells were also detected by real-time PCR after co-culture with HepG-s, HepG-x, HepG-c, HepG-e, HepG2.2.15 and HepG-control cells, respectively, for 48 h. Increased mRNA levels of collagen-I, α-SMA, PDGF-B and PDGFR-β were observed in LX-2 cells after being co-cultured with HepG-x or HepG-c, and they were approximately 1.5-2 times higher than the control group. In co-culture with HepG2.2.15, mRNA levels of collagen-I, α-SMA, PDGF-B and PDGFR-β in LX-2 cells slightly increased and there were no significant difference as compared with control group (p>0.05) (Fig. 4 ). There were no effects of HepG-s or HepG-e on mRNA levels of collagen-I, α-SMA, PDGF-B and PDGFR-β in LX-2 cells.
HBV or HepG-c or HepG-x upregulated the expression levels of the phos-PDGFR-β protein in LX-2 cells.
After incubation with HBV at concentration of 0 copies/ml, 5x10 2 -5x10 6 copies/ml for 12 h or co-cultured with HepG-s, HepG-x, HepG-c, HepG-e, HepG-control and HepG2.2.15 cells for 48 h, respectively, LX-2 cells were collected for detection PDGFR-β and phospho-PDGFR-β by western blotting. One milliliter of culture supernatants were collected for detection of PDGF-BB , 5x10 5 or 5x10 6 copies/ml of HBV for 12 h, total mRNA was extracted and mRNA levels of PDGF-B, PDGFR-β, collagen-I and α-SMA were detected by real-time PCR. All the values were normalized to GAPDH (n=5). 2 , 5x10 3 copies/ml, 5x10 4 , 5x10 5 and 5x10 6 copies/ml HBV, and cultured for 12 h. LX-2 cells were lysed in RIPA lysis buffer. PDGFR-β and phos-PDGFR-β were detected. All the values were normalized to β-actin (n=5).
by ELISA. Unfortunately, there was no detectable level of PDGF-BB in all of groups (Fig. 5) . The relative expression levels of the proteins were determined by densitometric scanning and calculating the ratios of each protein to constitutively expressed β-actin bands. There were no changes in PDGFR-β levels after treatment with any concentration of HBV or viral protein (Figs. 6 and 7) . However, phosphorylation activity of PDGFR-β in LX-2 cells was increased after treatment with HBV and the peak value was observed in group of 5x10 5 copies/ml HBV (Fig. 6) (P<0.05) . Treatment with viral protein of HBV-c or HBV-x could also upregulated the level of phospho-PDGFR-β in LX-2 cells (Fig. 7) (P<0.05) .
Discussion
HBV Dane particles, HBV protein c and x, not e or s, promote
HSCs proliferation. Chronic HBV infection has been recognized to exacerbate liver fibrosis in patients. However, HSCs, activated by a variety of host factors and/or viral proteins, is considered to be the most important contributor to fibrosis progression and has been investigated intensively. Generally, the activation process of HSCs includes a loss of vitamin A droplets, an increased proliferation rate, a phenotypic transition to a myofibroblast-like, α-SMA positive cell and a dramatic increase in the synthesis of extracellular matrix proteins. Activated HSCs are the major collagen producing cells during hepatic fibrogenesis. Although chronic HBV infection is one of the major causes of liver fibrosis, the HBV-specific steps in HSCs proliferation and pathogenesis of liver fibrosis remain unclear. In our previous study, it was found that supernatants from the HepG2.2.15 culture could promote LX-2 cell proliferation (23); however, the possible role of HBV viral particles or HBV proteins in the development of liver fibrosis remains unclear. It is necessary to identify which factors of HBV are involved in the activation of HSCs. Thus the activation of HSCs followed by HBV stimulation was characterized in the present study.
To explore the direct interaction between HBV and HSCs, purified HBV particles were obtained from the supernatants of HepG2.2.15 cells cultured by sucrose density gradient ultracentrifugation and plasmids expressing HBV proteins were constructed. The roles of HBV or the viral proteins on the LX-2 cells proliferation were investigated with the co-cuture system. We found that the cell number in S-phase of LX-2 cells was upregulated after HBV incubation in a dose-dependent manner, and the peak value was observed at 5x10 6 copies/ml HBV ( Fig. 1 and Table 2A) . Moreover, the cell number in S-phase of LX-2 cells also increased after co-culture with HepG2 cells which were transfected with plasmids pHBV-C and pHBV-X, but not pHBV-E or pHBV-S ( Fig. 2 and Table IIB ). As we mentioned above, HSCs convert into proliferating α-SMA-expressing and collagen-producing cells after a fibrogenic stimulus. Thus, the mRNA levels of α-SMA and collagen-I were further detected, and showed an increase approximately 2 times greater than those in the control group with the concentration of 5x10 6 copies/ml (Fig. 3) . Similarily, α-SMA and collagen-I mRNA levels were also detected in the LX-2 cells co-cultured with HepG-c and HepG-x (Fig. 4) . The results mentioned above indicated that HBV Dane particles, as well as the HBV viral protein c or x could promote LX-2 proliferation, which was characterized with the increased proliferation rate and metabolic changes.
Our results were consistent with other studies which have reported that HCV viral proteins could directly induce HSC proliferation and release inflammatory cytokines. Treatment with a conditioned medium from Huh-7 cells expressing an HCV core protein (24) or recombinant core protein (25) , led to the upregulation of α-SMA and other cytokines in LX-2 cells. Moreover, it was reported that the HBV x protein may lead to a paracrine activation and proliferation of HSCs (13) . These data show that the viral protein may be able to stimulate HSCs into an active status; however, the intracellular signaling mechanisms of activation and perpetuation are under active investigation.
The PDGF signal pathway involved in the activation of HSCs. During liver fibrosis, activated HSCs proliferate and deposit ECM proteins, a process that is driven by an array of cytokines and growth factors. PDGF has been identified as the most potent mitogen for HSCs, making it an attractive therapeutic target for the treatment of liver fibrosis (26, 27) . Marra et al (8) have also demonstrated how HSCs perpetuate their proliferative status by active secretion of PDGF in an autocrine or paracrine manner. Moreover, PDGF receptors (PFGFR) are highly upregulated on the cell surface of activated HSCs during fibrosis (7) . Of the PDGF ligand/receptor systems, PDGF-BB signaling through PDGFR-β is an important mediator in the initiation and progression of liver fibrosis (28) . Interestingly, the PDGF-B protein overexpression in the livers of transgenic mice was associated with an increased number of α-SMA-positive cells and was also marked by an increase in the PDGFR-β transcription (6) . Thus, in order to investigate the mechanisms of the proliferation of HSCs caused by HBV infection, we address the role of paracrine PDGF-B/PDGFR-β signaling further.
We detected the mRNA and protein levels of PDGF-B and PDGFR-β from the LX-2 cells, respectively. The PDGF-B mRNA in LX-2 cells inoculated with HBV particles was upregulated in a dose-dependent manner and the highest level was observed in the 5x10 6 HBV copies/ml group (Fig. 3) . Subsequently, a co-culture system was used to detect the effects of viral proteins on LX-2 cells. We found that the HBV c and x antigen but not the large s or e antigen promote the expression of PDGF-B mRNA in LX-2 cells (Fig. 4) . We did not detect the expression of PDGF-BB by ELISA. Similarly, the mRNA and phosphorylation level, not the protein level of PDGFR-β was also upregulated when stimulated with HBV particles or HBV c and x. Our results indicated that the HBV particles or virus proteins did not promote the protein expression of PDGF-BB and PDGFR-β, but the phosphorylation of PDGFR-β was upregulated, which indicated the activation of PDGFR. Collectively, HSC proliferation mediated by HBV or viral proteins via PDGFR-β phosphorylation and the subsequent activation of the PDGF-BB signal pathway.
Several studies provide ample evidence of the PDGF-B/ PDGFR-β pathway being a strong stimulus of HSC proliferation, which may be attenuated by anti-PDGF strategies. For example, the tyrosine kinase inhibitor AG 1295 of PDGF inhibit HSCs proliferation through reducing the phosphorylation of PDGFR-β and the downstream signaling molecules ERK1/2 and Akt (29) . Administration of A771726, metabolite of leflunomide, markedly blunted the PDGFR-β expression and phosphorylation in activated HSCs (30) . Moreover, in culture-activated HSCs, a soluble PDGF-B receptor was able to block the phosphorylation of endogenous PDGF receptors and reduce the proliferative activity of HSCs (31) .
In conclusion, our data suggest that HBV Dane particles, x and c protein may induce HSCs proliferation through effecting on PDGF-B/PDGFR-β signal pathway which play an important role of in liver fibrosis caused by HBV infection. HBV Dane particles and x and c protein may upregulate the mRNA levels of PDGF-B and PDGFR-β and promote the phosphorylation of PDGFR-β, leading to the later auto-phosphorylation. Therefore, interference with PDGF-B/PDGFR-β signal pathway may be a potential target for antifibrotic therapies in liver disease.
